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Nomenclature 

Abbreviations 

Notation 

ℒ[ ]

A, 𝐀

c, 𝐂

 f

f(t), 𝐅(t), 𝐅

φ 𝚽

γyx
2 (f)



H(ω), 𝐇(ω)

H(s)

h(t), 𝐡(t)

k, 𝐊

ξ

m, 𝐌

μ

ω

ωd

q

Rd

s

S

𝐒−1

σ

t, τ

T

u, u,̇  ü, 𝐮, 𝐮,̇  𝐮̈

𝐕1, 𝐕2

we(t)



1  

 

Introduction 



1.1 Modal Analysis 



1.2 Aim and Method 





2  

 

Structural Dynamics 

2.1 Eigenfrequencies and Eigenmodes 

mü + cu̇ + ku = f(t)

𝑢(𝑡) 𝑓(𝑡)



mü + ku = 0

u = A sin ωt          ü = −Aω2 sin ωt

(−𝜔2𝑚 + 𝑘)𝐴 sin 𝜔𝑡 = 0              →        𝜔𝑛
2 =

𝑘

𝑚

𝜔𝑛 = √
𝑘

𝑚
𝑓𝑛 =

𝜔𝑛

2𝜋

𝑇𝑛 =
1

𝑓𝑛

𝐌𝐮̈ + 𝐂𝐮̇ + 𝐊𝐮 = 𝐅(t)

𝑴, 𝑪 𝑲 𝒖̈ 𝒖̇ 𝒖

𝑭

𝐌𝐮̈ + 𝐊𝐮 = 0

𝐮 = A sin ωt 𝚽          𝐮̈ = −Aω2 sin ωt  𝚽

[𝐊 − 𝜔𝟐𝐌]𝚽A sin ωt = 0

A sin ωt ≠ 0

[𝐊 − 𝜔𝟐𝐌]𝚽 = 0

𝑑𝑒𝑡[𝐊 − 𝜔𝟐𝐌] = 0

𝚽

𝚽 = [φ1, φ2, φ3 … φ𝑛] 



𝜔1, 𝜔2, 𝜔3 … 𝜔𝑛

𝜱 = [𝜑1, 𝜑2, 𝜑3 … 𝜑𝑛]

2.2 The Laplace Transform 

𝑥(𝑡)

X(s) = ℒ|x(t)| = ∫ x(t)𝑒−𝑠𝑡dt
∞

0−

𝑠

s1,2 = σ ± iω𝑑

ωd = ωn√1 − ξ2

σ = −ξ𝜔𝑛

𝜔𝑑 ξ

ξ =
c

2√mk

𝑠1 𝑠2

σ

 𝜔𝑑

ℒ|mü + cu̇ + ku| =

m[s2U(s) − su(0) − u̇(0)] + c[sU(s) − u(0)] + kU(s) =

(ms2 + cs + k)U(s) − msu(0) − mu̇(0) − cu(0)



ℒ|f(t)| = F(s)

𝑢(0) 𝑢̇(0)

(ms2 + cs + k)U(s) = F(s)

𝐹(𝑠) 𝑈(𝑠)

H(s) =
U(s)

F(s)
=

1

ms2 + cs + k

 𝜔𝑛

H(s) =
1/m

s2 + 2ξωns + ωn
2

H(s) =
1/m

(s − s1)(𝑠 − 𝑠2)

H(s) = ∑
Ar

(s − sr)

𝑁𝑞

𝑟=1

=
A1

(s − s1)
+

A2

(s − s2)

A1 A2 (𝐴 =
1

𝑖2𝑚ω𝑑
)

A𝑟 = (s − sr)
U(s)

F(s)
|

𝑠=𝑠𝑟



F(s) = 1

ℎ(𝑡)

h(t) = ℒ−1{H(s)} = A1es1∗t + A2es2∗t



2.3 Frequency Response Function 

 𝑠 = 𝑖𝜔

H𝑢(iω) =
U(iω)

F(iω)
=

1

m(iω)2 + ciω + k
=

1

(k − ω2𝑚) + iωc

H𝑢)



𝐻𝑢(𝑖𝜔) =
𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝑓𝑜𝑟𝑐𝑒 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
=

1

(k − ω2𝑚) + iωc

𝐻𝑣(𝑖𝜔) =
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝑓𝑜𝑟𝑐𝑒 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
=

iω

(k − ω2𝑚) + iωc

𝐻𝑎(𝑖𝜔) =
𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝑓𝑜𝑟𝑐𝑒 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
=

−ω2

(k − ω2𝑚) + iωc

 𝜔𝑛 = √
𝑘

𝑚



H(iω) =
1

𝑘

1

(1 −
ω2𝑚

𝑘
) +

iωc
𝑘

=
1

𝑘

1

(1 −
ω2

𝜔𝑛
2) +

iωc
𝜔𝑛

2𝑚

ξ =
𝑐

2𝑚𝜔𝑛

H(iω) =
1

𝑘

1

(1 −
ω2

𝜔𝑛
2) + i2ξ

ω
𝜔𝑛

𝑅𝑑

𝑅𝑑 =
|H(iω)|

𝑢𝑠𝑡
=

1

√(1 −
ω2

𝜔𝑛
2)

2

+ (i2ξ
ω
𝜔𝑛

)
2

 

𝑢𝑠𝑡 = 1/𝑘

ξ

Rd ∅



[s2𝐌 + s𝐂 + 𝐊]U(s) = F(s)

𝑯 

𝐇(s)F(s) = U(s)

𝐇−1 = [s2𝐌 + s𝐂 + 𝐊]

𝚽T𝐇−1𝚽 = 𝚽T[s2𝐌 + s𝐂 + 𝐊]𝚽

𝐇 = 𝚽[s2𝐌 + s𝐂 + 𝐊]−1𝚽T

𝑺−1

𝑠𝑟𝑟 𝑺−1 𝑟

srr =
1

𝑠2𝑚𝑟 + 𝑠𝑐𝑟 + 𝑘𝑟
=

1/𝑚𝑟

(𝑠 − 𝑠𝑟)(𝑠 − 𝑠𝑟
∗)

𝐇 = 𝚽𝐒−1𝚽T

Hpq(s) = ∑
φprφqr

mr(s − sr)(s − sr
∗)

N

r=1

φpr 𝑟 𝑝

𝐴𝑝𝑞𝑟  (s − sr)

Hpq(s) = ∑
A𝑝𝑞𝑟

𝑠 − 𝑠𝑟

N

r=1

+
A𝑝𝑞𝑟

∗

𝑠 − 𝑠𝑟
∗

A𝑝𝑞𝑟

A𝑝𝑞𝑟 =
1

𝑖2𝜔𝑑𝑟𝑚𝑟
φprφqr



𝑠 = 𝑖𝜔.

H𝑝𝑞(iω) = ∑
Apqr

iω − sr

N

r=1

+
A∗

pqr

iω − s∗
r

𝐇(iω) = ∑
𝐀r

iω − sr

N

r=1

+
𝐀∗

r

iω − s∗
r

𝐡(t) = ∑ 𝐀res1t +

N

r=1

𝐀∗
res∗

1t



𝐌 = [
10 0 0
0 15 0
0 0 10

] kg     𝐊 = [
40 −20 0

−20 35 −15
0 −15 15

] kN/m      𝐂 = [
20 −10 0

−10 25 −15
0 −15 15

] Ns/m

𝑑𝑒𝑡[𝐊 − 𝜔𝟐𝐌] = 0 → 𝑑𝑒𝑡 [[
40000 −20000 0

−20000 35000 −15000

0 −15000 15000

] − 𝜔𝟐 [
10 0 0

0 15 0

0 0 10

]] = 0

𝜔1
𝟐 = 327,7  

𝜔2
𝟐 = 2383,0

𝜔3
𝟐 = 5122,7

 →  

f1 = 2,8 𝐻𝑧
f2 = 7,8 𝐻𝑧

   f3 = 11,4 𝐻𝑧

[𝐊 − 𝜔𝟐𝐌]𝚽 = 0

𝚽 = [φ1, φ2, φ3] = [
−0,09 0,16 −0,26
−0,17 0,13 0,14
−0,22 −0,22 −0,06

]



𝐻1
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Signals and Equipment 

3.1 Periodic Signals 

𝑓(𝑡)

 (𝑇 =
1

𝑓
)

 (𝐴)  (𝜔)

 (∅)

u(t) = A sin(ωt + ∅)



𝐴 = 1 𝝎 = 100π 𝑓 = 50  𝐻𝑧 ∅ = π/4

u(t) = 𝐴1 ∙ sin(2𝜋 ∙ 𝑓1 ∙ 𝑡) + 𝐴2 ∙ sin(2𝜋 ∙ 𝑓2 ∙ 𝑡) + 𝐴3 ∙ sin(2𝜋 ∙ 𝑓3 ∙ 𝑡)

𝑓1 = 50 𝐻𝑧 𝑓2 = 100 𝐻𝑧 𝑓3 = 250 𝐻𝑧

𝐴1 = 1 𝐴2 = 0,8 𝐴3 = 0,3

 



3.2 Transient Signals 

𝑑 = 3  𝑓 = 5 𝐻𝑧

a(t) = e−dtsin (2𝜋𝑓𝑡)



3.3 Random Signals 

∆𝑡



3.4 Measuring Equipment 

3.4.1 Measurement Front-ends 



3.4.2 Piezoelectric Accelerometers 

(𝑞)

(𝑓)

q = μ ∙ f

𝜇

ü





3.4.3 Piezoelectric Force Transducers 



3.4.4 Impact Hammers 



we(t) = e−at

 𝑎



3.4.5 Shakers 
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Experimental Modal Analysis 

𝑯(𝑓)  𝑭(𝑓)

 𝑼(𝑓) (𝑓 =
𝜔

2𝜋
)

𝐔(f) = 𝐇(f) ∙ 𝐅(f)   →    𝐇(f) =
𝐔(f)

𝐅(f)





4.1 Measurement and Signal Processing 

𝑓𝑁𝑦𝑞𝑢𝑖𝑠𝑡 =
𝑓𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔

2





H1

H2 H1

H2



γ𝑦𝑥
2 (𝑓) 

γyx
2 (f) =

H1(f)

H2(f)

0 ≤ γ𝑦𝑥
2 (𝑓) ≤ 1.

γ𝑦𝑥
2 (𝑓) = 1 



4.2 Identification Methods 

Identification methods 

Time domain 

Indirect 

MDOF 

SISO 

SIMO 

MIMO 

⁞ 

Direct 

MDOF 

SISO 

MIMO 

⁞ 

Frequency domain 

Indirect 

SDOF 

SISO 

SIMO 

RFP 

GRFP 

⁞ 

MDOF 

SISO 

SIMO 

MIMO 

⁞ 

Direct 

MDOF 

SISO 

MIMO 

⁞ 

Tuned-
sinosoidal 
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Operational Modal Analysis 



5.1 Structural Health Monitoring 





5.2 Extraction Methods 

5.2.1 Frequency Domain Decomposition 

𝑮

𝐆 = 𝐕1𝐒𝐕2
𝐻

𝑽1 𝑽2

𝑺

 𝐕2
𝐻 = 𝐕2

−1

 𝑺



5.2.2 Enhanced Frequency Domain Decomposition 



5.2.3 Stochastic Subspace Identification 



5.3 Modal Assurance Criterion 

𝜱𝑖 𝜱𝑗

MAC =
(𝚽i

T𝚽j)
𝟐

(𝚽i
T𝚽i)(𝚽j

T𝚽j)
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Finite Element Model 



6.1 Structure  



6.2 FE-Model in ABAQUS 













6.3 Structure with Added Mass 
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Measurements 

7.1 EMA Impact Hammer 

http://18.1.1.13/
http://18.1.1.13/












7.2 EMA Shaker 

http://18.1.1.13/
http://18.1.1.13/












7.3 OMA 

http://18.1.1.13/










7.4 OMA with Finer Grid 
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Discussion 

8.1 Overview 







8.2 EMA Impact Hammer 





8.3 EMA Shaker 



8.4 OMA 





8.5 OMA with Finer Grid 





8.6 Structure with Added Mass 
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Final Remarks 

9.1 Conclusions 





9.2 Further Studies 
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B.2    EMA Shaker 
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D.1    ABAQUS Results 





D.2    EMA Impact Hammer 









D.3    OMA  















Appendix E 

E.1    SDOF Example 

%-----------------------------------------------------------------------

--- 

  
%SDOF Example 

  
%Tobias Kristensson 

  
%Master thesis 

  
%Last modified 2014-09-22 

 
%-----------------------------------------------------------------------

--- 
%% Settings 
format long 
clear all 
close all 

  
FontSize=12; 
Titlesize=12; 
FontName='Times New Roman'; 

  
n=2000;         %Number of points in plots 

  
m=10;           %Mass kg 
c=10;           %Dampingcoeficcient Ns/m 
k=20000;        %Stiffness N/m



  
w=linspace(0,200,n); 
omega_n=sqrt(k/m); 

  
%% Receptance plots 

  
Hr=1.0./((-m.*w.*w+k)+j.*c.*w); %Eq.(2.23) 

  
%-----3D plot-----------------------------------------------------------

--- 
figure(1) 
plot3(w,real(Hr),imag(Hr),'k') 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Real (H_u)','FontName',FontName,'FontSize',FontSize) 
zlabel('Imag (H_u)','FontName',FontName,'FontSize',FontSize) 
pause 

  
%-----Nyqvist plot------------------------------------------------------

--- 
figure(2) 
subplot(1,2,2) 
plot(real(Hr),imag(Hr),'k-o') 
% title('FRF Nyquist diagram','FontName',FontName,'FontSize',Titlesize) 
xlabel('Real (H_u)','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (H_u)','FontName',FontName,'FontSize',FontSize) 
pause 

  
%-----Real plot of FRF--------------------------------------------------

--- 
figure(3) 
subplot(3,2,1); 
plot(w,real(Hr),'k') 
% title('Receptance FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Real (H_u)','FontName',FontName,'FontSize',FontSize) 

  
%-----Imaginary plot of FRF---------------------------------------------

--- 
figure(3) 
subplot(3,2,2); 
plot(w,imag(Hr),'k') 
% title('Receptance FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (H_u)','FontName',FontName,'FontSize',FontSize) 

  
%-----Magnitude plot of FRF---------------------------------------------

--- 
figure(2) 
subplot(1,2,1) 
M=(real(Hr).^2+imag(Hr).^2).^(1/2);    %Magnitude 
plot(w,M,'k') 
% title('Receptance FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Magnitude (H_u)','FontName',FontName,'FontSize',FontSize) 
pause 

  
%% Mobility plots 



  
Hm=(j*w)./((-m.*w.*w+k)+j.*c.*w); % Eq.(2.23)*jw 

  
%-----Real plot of FRF--------------------------------------------------

--- 
figure(3) 
subplot(3,2,3); 
plot(w,real(Hm),'k') 
% title('Mobility FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Real (H_v)','FontName',FontName,'FontSize',FontSize) 

  
%-----Imaginary plot of FRF---------------------------------------------

--- 
figure(3) 
subplot(3,2,4); 
plot(w,imag(Hm),'k') 
% title('Mobility FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (H_v)','FontName',FontName,'FontSize',FontSize) 

  
%% Accelerance plots 

  
Ha=(-w.^2)./((-m.*w.*w+k)+j.*c.*w); % Eq.(2.23)*jw*jw 

  
%-----Real plot of FRF--------------------------------------------------

--- 
figure(3) 
subplot(3,2,5); 
plot(w,real(Ha),'k') 
% title('Accelerance FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Real (H_a)','FontName',FontName,'FontSize',FontSize) 

  
%-----Imaginary plot of FRF---------------------------------------------

--- 
figure(3) 
subplot(3,2,6); 
plot(w,imag(Ha),'k') 
% title('Accelerance FRF','FontName',FontName,'FontSize',Titlesize) 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (H_a)','FontName',FontName,'FontSize',FontSize) 
pause 

  
%----Logaritmic plot of receptance--------------------------------------

--- 
figure(5) 
semilogy(w,M,'k-') 
xlabel('Frequency rad/s','FontName',FontName,'FontSize',FontSize) 
ylabel('Log Magnitude','FontName',FontName,'FontSize',FontSize) 
hold on 

  
%----Logaritmic plot of Mobility----------------------------------------

--- 
M=(real(Hm).^2+imag(Hm).^2).^(1/2);    %Magnitude 
semilogy(w,M,'k--') 
hold on 



  
%----Logaritmic plot of Accelerance-------------------------------------

--- 
Ma=(real(Ha).^2+imag(Ha).^2).^(1/2);   %Magnitude 
semilogy(w,Ma,'k-.') 
legend('Receptance','Mobility','Accelerance','location','NorthEast') 
pause 

  
%% Deformation responce factor Rd and phase angle 

  
wvec=linspace(0,3,n); 
zeta=c/(2*m*omega_n); 
E=[zeta 0.1 0.2 0.7 1]; 

  
figure(6) 
subplot(1,2,1) 
Rdmat=[]; 
for i=1:n 
    for r=1:5 
        Rd=abs(1/(1-wvec(i)^2+j*2*E(r)*wvec(i))); %Eq.(2.26) 
        Rdmat(r,i)=Rd; 
    end 
end 
plot(wvec,Rdmat(1,:),'k',wvec,Rdmat(2,:),'k--',wvec,Rdmat(3,:),'k-

.',wvec,Rdmat(4,:),'k:',wvec,Rdmat(5,:),'c') 
axis([0 3 0 10]) 
xlabel('\omega/\omega_n','FontName',FontName,'FontSize',FontSize) 
ylabel('Deformation response factor R  

_d','FontName',FontName,'FontSize',FontSize) 
legend('\zeta=0.011','\zeta=0.1','\zeta=0.2','\zeta=0.7','\zeta=1','loca

tion','NorthEast') 

  
%Phase angle 
figure(6) 
subplot(1,2,2) 
Omat=[] 
for i=1:n 
    for r=1:5 
    O=angle(1-wvec(i)^2+j*2*E(r)*wvec(i))*180/pi; 
    Omat(r,i)=O; 
    end 
end 
plot(wvec,Omat(1,:),'k',wvec,Omat(2,:),'k--',wvec,Omat(3,:),'k-

.',wvec,Omat(4,:),'k:',wvec,Omat(5,:),'c') 
axis([0 3 0 180]) 
xlabel('\omega/\omega_n','FontName',FontName,'FontSize',FontSize) 
ylabel('Phase angle \phi','FontName',FontName,'FontSize',FontSize) 
legend('\zeta=0.011','\zeta=0.1','\zeta=0.2','\zeta=0.7','\zeta=1','loca

tion','SouthEast') 
pause 

  
%% Impulse response plot 
a=[m,c,k]; 
b=[0,0,1]; 
[A,s,q]=residue(b,a); 

  
figure(18) 
t=linspace(0,4,n); 



x_t=A(1).*exp(s(1).*t)+A(2).*exp(s(2).*t); %Eq.(2.22) 
decay=2*imag(A(2))*exp(real(s)*t); 
plot(t,x_t,'-k',t,decay,'--r') 
xlabel('Time s','FontName',FontName,'FontSize',FontSize) 
ylabel('Amplitude','FontName',FontName,'FontSize',FontSize) 
legend('h(t)','Xe^{-\sigma t}') 
pause 

  
%% Laplace domain 3D plots 
rotation=65; 
el=25; 

  
figure(19) 
[sigma,omega]=meshgrid(-50:2:50,-80:2:80); 

  
s1=sigma+j*omega; %Eq.(2.12) 

  
H=A(1)./(s1-s(1))+A(2)./(s1-s(2)); %Eq.(2.20) 

  
surf(real(H)) 
title('Real Part','FontName',FontName,'FontSize',Titlesize) 
xlabel('Real (s)','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (s)','FontName',FontName,'FontSize',FontSize) 
zlabel('Real H(s)','FontName',FontName,'FontSize',FontSize) 
view(rotation,el); 

  
figure(20) 
surf(imag(H)) 
title('Imaginary Part','FontName',FontName,'FontSize',Titlesize) 
xlabel('Real (s)','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (s)','FontName',FontName,'FontSize',FontSize) 
zlabel('Imag H(s)','FontName',FontName,'FontSize',FontSize) 
view([rotation,el]); 

  
figure(23) 
subplot(2,1,1); 
surf(abs(H)) 
title('Magnitude','FontName',FontName,'FontSize',Titlesize) 
xlabel('Real (s)','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (s)','FontName',FontName,'FontSize',FontSize) 
zlabel('Magnitude H(s)','FontName',FontName,'FontSize',FontSize) 
view([rotation,el]); 

  
figure(23) 
subplot(2,1,2); 
surf(angle(H)) 
title('Phase','FontName',FontName,'FontSize',Titlesize) 
xlabel('Real (s)','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (s)','FontName',FontName,'FontSize',FontSize) 
zlabel('Phase H(s)','FontName',FontName,'FontSize',FontSize) 
view([rotation,el]); 

  
figure(22) 
surf(log(abs(H))) 
title('Log Magnitude','FontName',FontName,'FontSize',Titlesize) 
xlabel('Real (s)','FontName',FontName,'FontSize',FontSize) 
ylabel('Imag (s)','FontName',FontName,'FontSize',FontSize) 



zlabel('Log magnitude H(w)','FontName',FontName,'FontSize',FontSize) 
view([rotation,el]); 
pause 
close all 



E.2    MDOF Example 

%-----------------------------------------------------------------------

--- 

  
%MDOF Example 

  
%Tobias Kristensson 

  
%Master thesis 2014 

  
%Last modified 2014-09-24 

  
%-----------------------------------------------------------------------

--- 
%% Settings 
clear all 
close all 
n=200; 

  
FontSize=12; 
Titlesize=12; 
FontName='Times New Roman'; 

  



M=[10 0 0;0 15 0;0 0 10];                       %Mass matrix 
K=[20+20 -20 0;-20 20+15 -15;0 -15 15]*10^3;    %Stiffness matrix 
C=[10+10 -10 0;-10 10+15 -15;0 -15 15];         %Damping matrix 

  
grey=[1 1 1]*0.7; 

  
%% Calculate eigenfrequencies and eigenvectors 
[frequencies,O]=eigen(M,K) 
omegasquare=(frequencies.*2*pi).^2; 
yvec=linspace(10^-9,10^-1,n)'; 
fvec=ones(n,1); 

  
%% Calculating the FRF using AbraVibe Toolbox 
FRFnr=input('FRFnr'); %(for 3DOF sytem FRFnr=1,2,3) 
f=(0:0.001:30)'; 
Hd=mck2frf(f,M,C,K,1,FRFnr,'d');  %Using Eq.(2.38) 

  
figure(1) 
subplot(2,1,1) 
H1=mck2frf(f,M,C,K,1,1,'d'); 
H2=mck2frf(f,M,C,K,1,2,'d'); 
H3=mck2frf(f,M,C,K,1,3,'d'); 
semilogy(f,abs(H1),'k',f,abs(H2),'k--',f,abs(H3),'k-.') 
xlabel('Frequency  Hz','FontName',FontName,'FontSize',FontSize) 
ylabel('FRF m/N','FontName',FontName,'FontSize',FontSize) 
axis([0 30 10^-8 10^-2]) 
legend('H_1','H_2','H_3','location','northeast') 
subplot(2,1,2) 
yvec=linspace(-200,200,n)'; 
plot(f,angledeg(H1),'k',f,angledeg(H2),'k--',f,angledeg(H3),'k-.') 
xlabel('Frequency  Hz','FontName',FontName,'FontSize',FontSize) 
ylabel('Phase Degrees','FontName',FontName,'FontSize',FontSize) 
legend('H_1','H_2','H_3','location','northeast') 

  

  
%% Plot Impulse Response Function 
figure(2) 
subplot(2,1,1) 
[h5,t]=frf2ir(Hd,f);   %Using Eq.(2.39) 
plot(t,h5,'k') 
xlabel('Time s','FontName',FontName,'FontSize',FontSize) 
ylabel('h(t)','FontName',FontName,'FontSize',FontSize) 
axis([0 35 -2e-3 2e-3]) 

  
%% Plot Impulse Response Function zoomed 
figure(2) 
subplot(2,1,2) 
[h5,t]=frf2ir(Hd,f); 
plot(t,h5,'k') 
xlabel('Time s','FontName',FontName,'FontSize',FontSize) 
ylabel('h(t)','FontName',FontName,'FontSize',FontSize) 
text(0.25, -1.5e-3,'Transient response') 
text(3,-1.5e-3,'Steady-state response') 
axis([0 5 -2e-3 2e-3]) 

  
%% 3D view of FRF 
zfreal=-5*10^-3*ones(length(f),1); 



yfimag=3*10^-3*ones(length(f),1); 
xfreimag=zeros(length(f),1); 
rotation=34; 
el=35; 

  
figure(3) 
plot3(f,real(Hd),imag(Hd),'k') 
hold on 
plot3(f,real(Hd),zfreal,'color',grey) 
hold on 
plot3(f,yfimag,imag(Hd),'color',grey) 
hold on 
plot3(xfreimag,real(Hd),imag(Hd),'color',grey) 
xlabel('Frequency  Hz','FontName',FontName,'FontSize',FontSize) 
ylabel('Real FRF','FontName',FontName,'FontSize',FontSize) 
zlabel('Imaginary FRF','FontName',FontName,'FontSize',FontSize) 
view(rotation,el); 
pause 
close all 
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